We focus on the Regenerator sharing, adaptive Modulation, Routing, and Spectrum assignment (RMRS) problem in a shared backup path protection based elastic optical network. Three regenerator placement strategies and the mechanisms of how to efficiently use/share the placed regenerators are proposed. An efficient heuristic algorithm is also developed for the RMRS problem to maximize regenerator and spectrum sharing among protection lightpaths with the joint consideration of modulation format and spectrum conversion capabilities of each traversed regenerator along a lightpath. Based on the performance study in terms of bandwidth blocking probability (BBP), we find that the proposed strategies and heuristic algorithm are efficient in signal regenerator utilization to significantly reduce BBP. It is also found that in addition to signal regeneration, the capabilities of modulation format conversion and spectrum conversion provided by each regenerator are helpful in reducing BBP, and as expected, the capability of spectrum conversion plays a more important role than the modulation format conversion for performance improvement. Finally, it is also interesting to find that there exists a saturation trend between the improvement of BBP performance and the increase in the number of regenerators. A limited number of signal regenerators sparsely placed in a network is sufficient to achieve a good BBP performance.
Introduction
The fast growth of Internet traffic requires the optical transmission technology to keep on evolving. As a new technology, the Elastic Optical Network (EON) has received extensive interest owing to its efficient spectrum utilization and great flexibility in bandwidth allocation [1] , [2] . A lightpath in an EON always suffers from the impairments such as crosstalk, chromatic dispersion, polarization mode dispersion, and amplifier noise along its transmission path [3] , [4] . These impairments can significantly degrade the lightpath signal quality and consequentially lead to a high bit error rate (BER). To compensate for the signal impairments, signal regeneration is implemented to refresh the degraded signal through signal regenerators deployed in the middle of a lightpath [5] - [7] . With the assumption that signal regeneration is realized by optical-electronic-optical (OEO) conversion, each signal regenerator can also support Spectrum Conversion (SC) and Modulation Format Conversion (MFC) [8] - [10] , of which both can enhance the flexibility of spectrum resources and hence contribute to improving network capacity utilization. However, OEO signal regenerators are generally expensive, consume high power, and bring in delay due to OEO signal processing [7] , and therefore, it is important to minimize the number of deployed regenerators so as to reduce the capital expenditure (CAPEX). Recently, how to efficiently place and use regenerators in an EON has been an important research topic [11] - [14] . It is interesting to observe that most of existing studies on regenerator placement and utilization in EON have focused on a network without service protection. However, network survivability is important for an optical transport network that carries a large amount of traffic. It would be challenging to consider signal regenerator placement and utilization in a survivable EON due to the complicated sharing relationship when using signal regenerators along protection lightpaths.
In this paper, we tackle the problem of signal regenerator placement and utilization in a survivable EON. The network protection technique called the shared backup path protection (SBPP) [15] , is employed for protection owing to its combined advantages of operational simplicity, fast restoration speed, and high capacity efficiency [16] - [18] . We consider three regenerator placement strategies and propose an efficient regenerator utilization/sharing approach. We also formulate the Regenerator sharing, adaptive Modulation, Routing and Spectrum assignment (RMRS) problem for the SBPP-based EON, referred to as RMRS-SBPP, and propose an efficient heuristic algorithm to solve it. By taking advantage of signal regeneration and spectrum and modulation format conversions offered by each regenerator, the algorithm enables efficient sharing of spectrum resources and signal regenerators among protection lightpaths, thereby minimizing the required number of deployed signal regenerators and improving the spectrum resource utilization. We verify the efficiency of the proposed strategies and algorithms through extensive simulation studies.
Literature Review
There have been extensive studies on regenerator placement (RP) for EON without considering network protection. They can be divided into two groups according to the considered traffic demands. For the static traffic demand, of which the demand units between each node pair are given a priori, Dharmaweera [5] proposed an integer linear programing (ILP) model and a heuristic algorithm to improve the spectral efficiency of impairment-aware EONs by selecting appropriate regenerator sites and optimizing the problem of routing, modulation format, and spectrum allocation (RMSA). Yıldız and Karasan [6] introduced the regenerator placement problem in flexible optical networks (RLP-FON) with the objective of minimizing the number of placed regenerators. Kahya [7] presented ILP formulations for routing and spectrum assignment (RSA) and RP problem in an EON without considering modulation format conversion. Klinkowski [8] evaluated the impact of regenerator usage and their placement on the spectrum efficiency in an EON. Klinkowski and Walkowiak [9] further considered three alternative scenarios to analyze the effect of applying flexible regeneration along with modulation format conversion and spectrum conversion in an EON. For the joint problem of routing, modulation and spectrum assignment (RMSA) and RP optimization, Wang et al. [10] presented a link-based mixed integer linear programming (MILP) model. Madani [19] developed an ILP model and a heuristic algorithm to jointly solve the RMSA problem along with the RP problem in an EON. Cerutti et al. [20] tackled to jointly optimize the RMSA and RP problem for EON by using a genetic algorithm (GA) to minimize the number of regeneration nodes and spectrum utilization. Xie et al. [21] considered regenerator placement for flexible-grid optical networks under impairment constraints that are represented as the reachability for each line rate.
There are also extensive studies on the RP problem under dynamic traffic demand where the demand units between each node pair are not given a priori but arrive randomly. Aibin and Walkowiak [11] proposed a new adaptive and regenerator-aware algorithm for the dynamic RMSA problem that facilitates the possibility of modulation format change along the lightpath. Chaves et al. [12] proposed two heuristic algorithms to assign regenerators, and through simulation studies, they analyzed the performance tradeoff in terms of regenerators, available frequency slots and blocking probability. Yang and Kuipers [13] employed a layered auxiliary-graph to perform RMSA and regenerator allocation for each lightpath. Fallahpour et al. [14] presented an energy-efficient RSA algorithm with RP capability for EONs. All the above works considered the capabilities of modulation and/or spectrum conversion at regenerator sites.
Some studies also considered regenerator placement in the traditional wavelength division multiplexing (WDM) network with network protection. Ramlall et al. [22] showed that it is possible to design impairment-aware WDM networks that guarantee protection against single-link failure by optimal and near-optimal placement of regenerators. Rahman et al. [23] presented an ILP formulation that can optimally solve the survivable regenerator placement problem for practical-sized networks within a reasonable amount of time. Abawollo [24] solved the problem of survivable regenerator placement with an objective of minimizing the number of regenerators required. Yang et al. [25] developed several solutions to maximize the benefit of sharing and thus minimize the total number of used OEO regenerators and wavelengths. Gao et al. [26] considered the problem of survivable regenerator placement with impairment constraints under both dedicated and shared connection-level protection. Beshir et al. [27] also studied the survivable routing and regenerator placement problem under dedicated and shared protection schemes, and proposed efficient algorithms to solve it. Manolova et al. [28] extended the concept of sharing the protection resources to regenerators and showed a tradeoff between the strategies of wavelength sharing and regenerator sharing.
Our Contributions
According to the literature, we see that there are extensive studies on RP in an EON that does not consider network protection and in a WDM network that considers network protection. However, little research effort has focused on RP in a survivable EON. In this study, we look into this research problem. The key contributions of this study are summarized as follows. Firstly, we consider different strategies for regenerator placement in an EON. These regenerators allow for MFC and SC whenever a lightpath traverses them. Secondly, given a certain network configuration with different regenerators placed, we define the RMRS problem for the SBPP-based EON and propose heuristic algorithms to establish protection lightpath connections that enable efficient sharing of signal regenerators and spectrum resources. Specifically, rather than simply setting an identical small value as the cost of each sharable FS or regenerator, we differentiate them by setting the cost of each sharable FS or regenerator to be inversely proportional to the number of protection lightpaths that are sharing the FS or the regenerator. Thirdly, through the performance evaluation in terms of bandwidth blocking probability (BBP), we observe an interesting saturation phenomenon between the increase in the number of regenerators and the improvement of network BBP performance. A similar saturation is observed for the number of considered protection routes versus the BBP performance. To the best of our knowledge, this is the first work in the literature that focuses on the issues of regenerator placement and joint sharing of regenerators and spectrum resources among protection lightpaths in an SBPP-based EON.
Paper Organization
The rest of paper is organized as follows. Section 2 briefly introduces the strategies for signal regenerators placement, and their usage and sharing on protection lightpaths. The heuristic algorithm for RMRS-SBPP is given in Section 3. Section 4 presents case studies and makes some performance analyses. Section 5 concludes the paper.
Regenerator Placement (RP)
We consider three regenerator placement strategies, including 1) Uniform Placement (UP) strategy, 2) Node Degree (ND) based strategy, and 3) Traverse Weighted (TW) strategy.
The UP strategy is the simplest. Given a total number of regenerators to place, we evenly assign the regenerators to each node. The number of assigned regenerators at each node is mathematically given by
where N r is the total number of regenerators to place in the network and V is the number of nodes in the network. If the total number of regenerators N r is not an integer multiple of the total number of nodes V , we further randomly assign the remaining (N r − N r / V * V ) regenerators on to the network nodes with each node assigned with at most one regenerator. The ND strategy allocates regenerators based on the nodal degree, which is mathematically given by
where V is the set of network nodes, d i is the degree of node i , and i ∈V d i calculates the total degrees of all the nodes in the network. The number of regenerators placed at each node is proportional to its degree. In this strategy, if there are regenerators remained after assigning each node with the number of regenerators calculated by (2), we will randomly assign these remaining regenerators onto the nodes in the way as described in the UP strategy.
The TW strategy first finds the number of shortest routes, t i , that traverse each node i , and then places regenerators in proportion to t i . The number of regenerators placed at each node is calculated as
where t i is the times of node i traversed by the shortest routes between node pairs, and i ∈V t i sums t i for all nodes V in the network. Here again, the same assignment process will be carried out as in the UP strategy, if there are regenerators remained after assigning each node with the number of regenerators calculated by (3).
Regenerator Usage (RU) and Regenerator Sharing (RS)
Given a limited number of regenerators placed in a network, it is important to use them efficiently. Because each SBPP service consists of a pair of working and protection lightpaths, we next introduce how to use or share the regenerators along the working and protection lightpaths, respectively.
Working Lightpath:
Assume a set of modulation formats, each of which supports a certain transparent reach. In [29] , we proposed to use a signal regenerator just before the transparent reach of a modulation format is reached. This strategy does not jointly consider the link spectrum utilization. In this paper, we propose a more efficient approach, which consists of the steps of (1) deciding the minimum number of regenerators required and (2) actual regenerator and spectrum resource allocation.
Deciding the minimum number of regenerators required: For a certain route r with its distance denoted as L r , we first decide the minimum number of regenerators required, calculated as m = L r /L B PSK , where L B PSK is the transparent reach of BPSK. Since BPSK can achieve the longest transparent reach, we can use it to find the minimum number of signal regenerators required for a given route.
Regenerator and spectrum resource allocation: If the route requires at least m regenerators after the above decision process, we then consider all possible combinations of placing these m regenerators on all the different intermediate nodes along the route. The total number of combinations would be (
M m
) where M is the total number of intermediate nodes on the route. With m regenerators used along the route, the route will be divided into m + 1 (transparent) segments, on each of which there is no further spectrum conversion or signal regeneration. We consider the spectrum assignment for each combination and compare the consumed spectrum resources to choose the one with the least cost calculated by
In (4), S p is defined as the set of route segments in RU combination p . F p j denotes the total number of FSs newly used on the links of segment j in combination p , which is calculated by (5) . In (5), L j denotes the set of links traversed by segment j, and S j i is the number of FSs newly used on link i . j∈S p F p j finds the total number of FSs newly used by combination p and (4) finds the combination that consumes the fewest newly used FSs.
In the above process, m is the minimum number of regenerators required. However, due to the limitation from the spectrum resources on each link, the actual required number of regenerators may be larger than m. Thus, if it is failed to establish a lightpath along the route using m regenerators because of the lack of spectrum resources, we would add one more regenerator to m and then try the same regenerator and spectrum resource allocation process until a lightpath can be either successfully established or all the intermediate nodes are placed with regenerators but we still fail to establish the lightpath. If the latter case happens, we will block the request. Fig. 1 uses an example to illustrate the proposed approach to using regenerators and allocating spectrum resources. Given a route (1-2-3-4), the length of the route is assumed to be 3200 km. Thus, the minimum number of regenerators required is one with the assumption that the transparent reach of BPSK is 3000 km. Given that there are two intermediate nodes and one minimum regenerator required, we can have two regenerator usage (RU) combinations, i.e., using a regenerator at node 2 or 3, as shown in Fig. 1(b) . We will consider both combinations to see if there are sufficient spectrum resources for lightpath establishment. If both succeed, then we will compare their consumed spectrum resources using (4) and (5). In Fig. 1(b) , we can see that for the case where the route uses a regenerator at node 2, the total number of FSs newly used is 14, while for the case where the route uses a regenerator at node 3, the total number of FSs newly used is 18. Thus, we will choose the combination of using a regenerator at node 2 due to its lower spectrum resource consumption. In this combination, two route segments will use 8-QAM and BPSK respectively, and moreover, different spectra are assigned through taking advantage of the MFC and SC capabilities by the regenerator at node 2. However, if both fail due to the lack of free spectrum resources in FSs 1 and 2 on the link (2-3) as shown in Fig. 1 (under the big arrow), we will add one more regenerator to two as shown in Fig. 1(c) where 8-QAM, QPSK, and BPSK and different spectra are allocated independently on each of the segments. We can repeat the same process until all the intermediate nodes use regenerators. In this example, if we still cannot establish a lightpath after using two regenerators, we will block the lightpath request.
Protection Lightpath:
The approach for choosing regeneration locations and sharing/using for protection lightpath is similar to that for working lightpath except that the regenerators and spectrum resources can be shared by multiple protection lightpaths. Specifically, given a route for protection lightpath establishment, we first decide if there is any protection regenerator that can be shared at each intermediate node based on the SBPP resource sharing condition, i.e., the corresponding working lightpaths do not share any common link failure. Then we exhaustively consider all possible regenerator usage combinations to check if the protection lightpath can be established. If so, based on different numbers of newly used regenerators, we will choose the combination that uses the fewest new regenerators and new spectrum resources and has the simplest sharing relationship of backup regenerators and spectrum resources with other protection lightpaths. Otherwise, the protection lightpath will be blocked. We use an example shown in Fig. 2 to illustrate the key idea of regenerator usage and sharing on the protection lightpath.
In Fig. 2 , we have a route, on which nodes 1 and 3 have been found to have sharable regenerators for the new protection lightpath. We first consider the case without bringing in a new regenerator (i.e., C p = 0). For this, we can use the regenerators based on different combinations as shown in Fig. 2 . We can either do not use any regenerator, or use a sharable regenerator either at node 1 or node 3, or use both sharable regenerators at nodes 1 and 3. All the combinations will not bring in any new unused regenerator. We will assign spectrum resources for each of the combinations to see if any of them can succeed. If so, we calculate the cost based on the used spectrum resources for each of them. The formulas for the cost calculation are the same as (4)-(5) except that we only count the newly used FSs (not considering those sharable FSs that are used by the lightpath). We will then choose the combination that has the lowest cost. However, if there is no combination that can succeed in providing sufficient spectrum resources for lightpath establishment, we will increase the number of newly used regenerator by one (i.e., C p = 1) and repeat the same process as described before. The whole process will terminate either when an eligible combination is found and the lightpath can be established, or when the number of newly used regenerators is greater than that of the nodes that do not have sharable regenerators. For example, when C p = 2, we will terminate the process and block the lightpath request as the maximum number of regenerators that can be newly used is 1 (i.e., at node 2) for the example in Fig. 2 . As a special case, when multiple combinations can successfully establish the protection lightpath, these combinations can have the same cost calculated by (4)- (5) . In this case, we will further consider the second level of selection criterion as shown in Fig. 3 based on the number of protection lightpaths that are sharing the sharable regenerators. We first define a new cost for each sharable regenerator k at a node i based on the number of protection lightpaths that are sharing it, given by
where R i denotes the set of sharable regenerators at node i and m k i is the number of protection lightpaths that are sharing the kth regenerator of node i . Note that a free regenerator can also be considered as a sharable regenerator without any protection lightpath sharing it. Thus, μ i is essentially to calculate the cost of the regenerator that is shared by the maximum number of protection lightpaths at node i . The purpose for this is to encourage the use of a regenerator that has been shared by many protection lightpaths. For the whole protection lightpath (or combination), there can be multiple sharable regenerators used; therefore, we have the cost calculation for the whole lightpath, given by
where R p denotes the set of nodes, on which a sharable regenerator will be used. We would consider all combinations for a certain C p and then choose the one with the smallest ζ p , i.e., p * = argmin p {ζ p }. As a further special case, if there are multiple combinations that have the same ζ p , then we would consider the third level of selection criterion (see Fig. 3 ), i.e., based on the number of protection lightpaths that are sharing the spectrum resources for each combination. Specifically, as in [18] , we differentiate the cost of each shareable FS that is used for protection lightpath establishment according to their shared status by protection lightpaths, given by
where m i j is the number of protection lightpaths that are sharing the i th FS on link j and β j sums the cost of each FS that is contained in an F-slot spectrum window (SW). The cost is set to be inversely proportional to the number of protection lightpaths that are sharing each FS. We expect that it will be more efficient to assign a smaller cost to an FS if it is shared by more protection lightpaths. For the whole protection lightpath (or combination), we have the cost calculation for the whole lightpath
where L p denotes the set of links traversed by the protection lightpath. We consider all combinations that have the same ζ p to choose the one with the smallest ξ p , i.e., p * = argmin p {ξ p }. If there is still a tie among multiple combinations, i.e., with the same ξ p , then we will make a random draw to choose one of them.
Regenerator Sharing, Adaptive Modulation, Routing and Spectrum Assignment for SBPP-Based EON (RMRS-SBPP)
This section considers the RMRS problem in the context of the SBPP-based EON to minimize the total consumed network resources including regenerators and spectrum resources. We firstly define the research problem and then propose an efficient algorithm to solve the problem.
Research Problem Statement
Given a network topology denoted as G (V, E ), where V is the set of nodes, and E is the set of (bi-directional) fiber links. Assume a certain number of regenerators have been placed at the nodes in the network based on the RP strategies in Section 2. A new arrived request is represented by R (s, d, B ) , where s and d denote source and destination nodes respectively and B is the bandwidth required. Three modulation formats (i.e., BPSK, QPSK, and 8-QAM) are employed for lightpath signal modulation. Also, we assume that the optical transponders at each node are fully tunable such that the working and protection lightpaths of each survivable request may use different starting FSs. The constraints of the RMRS-SBPP problem include 1) the physical-layer capacity constraint, i.e., a limited number of frequency slots (FSs) in each fiber link; 2) the spectrum contiguity and continuity constraints for each lightpath segment; and 3) when considering SBPP network protection, 100% failure protection should be guaranteed for each survivable service. The objective of the problem is to maximize regenerator and spectrum sharing and thus to minimize the network resources used when SBPP protection is implemented. Note that the problem addressed above considers the single-hop routing, modulation level and spectrum allocation (RMLSA) situation, wherein some lightpaths do not need signal regeneration, while other may need. However, the lightpaths requiring signal regeneration are still single-hop for client-layer traffic. This is different from the multi-hop RMLSA problem as in [31] and [32] where multi-hop traffic grooming was employed. Based on the given input parameters and subject to the aforementioned constraints, we next present the heuristic algorithm to solve the RMRS-SBPP problem. R (s, d, B ) , we first initialize to find the working route and a set P R of backup routes for the node pair, which is found by the k-disjoint shortest path searching algorithm. In this paper, we set k to be a large value, e.g., 100, in order to find all the link-disjoint shortest routes between each node pair. Then, we start to establish a working lightpath using the approach described in Section 2.2.1. If the working lightpath can be established, we will continue to establish a protection lightpath using the approach in Section 2.2.2. We will try each of the routes in P R to choose the one that requires the lowest network resources and maximally shares regenerators and spectra with other protection lightpaths. Specifically, in Step 2, we use (10) to calculate the cost for each protection route when a protection lightpath is established on it, where ψ p denotes the number of newly used regenerators on the route and j∈S p i ∈L j S j i calculates the total number of newly used FSs on the route. α is a weight factor, which is set to a small value such that the newly used regenerators has a higher priority. As a special case, if there are multiple protection routes that have the same c p , we will further use (6)- (9) to make a final selection. If both the working and protection lightpaths can be established successfully, the survivable service is established; otherwise, the service is blocked. The pseudocode of the algorithm is given below.
Heuristic Algorithm Given a new request
(Initialization) For a new arrival request R, employ the k-disjoint shortest path searching algorithm to find the shortest route w R for the working path and all the other routes that are link disjoint from w R to form the backup route set P R .
Establish working lightpath
Step 1: Employ the approach described in Section 2.2.1 to find the best RU combination C * w on w R for working lightpath establishment. If C * w = N U L L , go to Step 2; otherwise, R is blocked.
Establish protection lightpath
Step 2: For each p in P R , find the best RU combination C * p using (4)- (9) as described in Section 2.2.2 and calculate its cost c p using
Step 3: p * = argmin p {c p }. If c p * = ∞, then use p * to establish the protection lightpath; otherwise, R is blocked.
In the above algorithm, for an RU combination which contains multiple route segments, it is important to efficiently assign spectrum resources for each segment. We do this in the following way. According to the distance of the segment, we first decide the most efficient modulation format. Then based on this modulation format, we employ the equation
to decide the number of FSs required, where B is the data rate of the service request in units of Gb/s, B F S is the bandwidth of each FS in units of GHz, and SE is the spectral efficiency of the current modulation format. A "2" is multiplied due to the assumption of polarization division multiplexing. We scan all the F-FS spectrum windows (SWs) [30] along the links of the route segment to find an available SW and use it to establish a lightpath segment. For the working lightpath, we have employed the first-fit strategy to choose the SW, while for the protection lightpath, we employ the least cost strategy to choose the SW; that is, we scan all the eligible SWs and compare their costs according to (8) and (9) to choose the one with the least cost.
Complexity Analysis
The RMRS-SBPP heuristic algorithm consists of three key steps. In the first step, it searches for the working route and the corresponding protection routes for each request, which corresponds to a computational complexity of (N 2 + |R p | · N 2 ), where N is the total number of nodes in the network and |R p | is the total number of protection routes per node pair. In the second step, it tries to establish a working lightpath where the worst case is to use regenerators on all the intermediate nodes. Thus, its computational complexity is O (W · L · |C |), where W is the total number of FSs in each fiber link, L is the total number of network links, and |C | is the total number of RU combinations. In the third step, it checks all the eligible backup routes in the route set R p to find an optimal backup route with the least cost. Similarly, to evaluate the cost for each protection path, we have the computational complexity of O (W · L · |C |) and there are a total of |R p | protection routes to evaluate. Thus, the computational complexity is O (W · L · |C | · |R p |). As a result, the overall computational complexity for the RMRS-SBPP heuristic algorithm is of the order
Test Conditions, Results, and Performance Analyses

Test Conditions
For performance evaluation, we consider two test networks: i) the 14-node, 21-link NSFNET network and ii) the 11-node, 26-link COST239 network as shown in Fig. 4 . The distance of each link (in km) is shown by the link. We assume that there are 320 FSs in each fiber link in both of networks. Three modulation formats (i.e., BPSK, QPSK, and 8-QAM) are assumed for both working and protection lightpath establishment. Following the assumption in [29] , we have the transparent reaches and the carried data rate of each 12.5-GHz FS under the different modulation formats shown in Table 1 . In addition, a total of 84 and 66 regenerators are assumed to be placed in the NSFNET and COST239 networks, respectively. These numbers are integer multiples of the numbers of network nodes. For the other numbers of regenerators, we may follow the rules described in Section 2.2.1 to assign regenerators to each node. In this study, we also assume that the traffic demand volume is a real value uniformly distributed within the range from 10 to 400 Gb/s. We used Java to implement the heuristic algorithms on a 64-bit machine with 3.4-GHz CPU and 8-GB memory. A dynamic traffic model is assumed. Specifically, SBPP service requests arrive according to a Poisson arrival process and their holding times follow a negative exponential distribution. When an SBPP service is established, we will update the status of each used network resources including regenerators and FSs. When an SBPP service is released, we will set all the used FSs and regenerators by the working lightpath to free and also check the status of each protection FS and regenerator shared by the protection lightpath. If there is no protection lightpath sharing the FS or regenerator after releasing the current protection lightpath, we will set the FS or regenerator to free; otherwise, we remove the protection lightpath from the list of lightpaths that are sharing the FS or regenerator. A total of 10 6 service arrival requests were simulated for calculating the bandwidth blocking probability (BBP), which is defined by where R A represents the set of arrived requests and R B represents the set of blocked requests, B k is the bandwidth required by the kth arrived request in R A . Thus, the numerator sums all the blocked bandwidth and the denominator sums all the arrived bandwidth.
Results and Performance Analyses 4.2.1. Performance of Different RP Strategies:
We first compare the performance of the three RP strategies, which is followed by the comparison between SBPP and 1 + 1 protection schemes. Fig. 5 shows the results of the different RP strategies, in which the x-axis corresponds to the traffic load between each node pair in units of Erlang and the y-axis shows the BBP. The three RP strategies in Section 2.1 correspond to the following three legends, i.e., "RMRS-SBPP_TW," "RMRS-SBPP_ND," and "RMRS-SBPP_UP," respectively. In addition, we use legends "1 + 1_TW" and "SBPP_w/o_Reg" to denote the case of 1 + 1 protection with the TW RP strategy and the case without regenerators. Based on the results, we have the following key observations. First, comparing the performance of all the RP strategies, we see that the TW strategy performs best, the UP strategy is the worst, and the ND strategy falls in the middle. It is reasonable as the TW strategy places more regenerators at the nodes that are traversed by many shortest routes between node pairs. As a result, these regenerators can achieve better utilization. In contrast, the UP strategy does not distinguish the transit traffic between the nodes and therefore achieves the worst performance. Second, it is also reasonable to see that the case with regenerators can achieve much better performance than the case without regenerators since regenerators can provide the capability of spectrum and modulation format conversions. Third, comparing the cases of SBPP and 1 + 1, we see that the SBPP case can achieve much better performance than the 1 + 1 case. This is also reasonable because SBPP allows spare capacity sharing and backup regenerators sharing among protection lightpaths, which enables more efficient network resource utilization.
Performance of RMRS Algorithm With Different Regenerator Spectrum and Modulation Format Conversion Capabilities:
Because the TW RP strategy can achieve the best performance, in the remaining part of performance analysis, we use this strategy for regenerator placement. In this section, we evaluate the performance of the RMRS algorithm under different capabilities of regenerator spectrum and modulation format conversions as well as other benchmark schemes. These schemes include the following.
1) RMRS without Modulation Format Conversion and Spectrum Conversion (RMRS-w/o MFC&SC):
This scheme implements the RMRS algorithm but does not allow the modulation format and spectrum conversions by a regenerator.
2) RMRS without Modulation Format Conversion (RMRS-w/o MFC):
This scheme implements the RMRS algorithm but does not allow modulation format conversion by a regenerator.
3) RMRS without Spectrum Conversion (RMRS-w/o SC):
This scheme implements the RMRS algorithm but does not allow spectrum conversion by a regenerator. 
4) Transparent Reach and Modulation Format First-Fit (TR&MF-FF):
This scheme is just the one proposed in [29] . From BPSK to 8-QAM, it uses a signal regenerator just before the transparent reach of a modulation format is reached. Then, starting from the node of the used regenerator, it continues the same process for the remaining part of the route until reaching the destination node. In this way, if the lightpath can be established successfully, we then terminate the process; otherwise, we continue trying the remaining modulation formats. In this scheme, no step is implemented to consider all the RU combinations as in RMRS.
5) Transparent Reach First-Fit with All Modulation Formats considered (TR-FF&AMF):
This scheme is more advanced than TR&MF-FF to try all the modulation formats based on the transparent reach first-fit strategy, and then choose the most efficient modulation format. Specifically, it first considers BPSK, then QPSK and 8-QAM to choose the one that requires the smallest number of regenerators as the priority and then the most efficient modulation format if more than one modulation format requires the same number of regenerators. Fig. 6 compares the performance of the RMRS algorithm with other benchmark schemes including TR&MF-FF and TR-FF&AMF. We can see that the RMRS scheme can achieve the best performance in terms of BBP, while the TR&MF-FF scheme shows the highest BBP and the TR-FF&AMF scheme falls in the middle. This is because different schemes consider different numbers of possible RU combinations. In RMRS, all possible RU combinations are considered, while in TR&MF-FF, the first-fit combination is chosen for lightpath establishment, thereby achieving the worst performance. Of course, the better performance of RMRS is at the cost of a higher computational complexity compared to the other two schemes. The running time of the heuristic algorithm is less than 77 minutes for each curve point that simulated 10 6 arrival events for the COST239 network, which corresponds to less than 5 ms per event. This value is less than 10 ms per event for the NSFNET network.
We also show the impacts of SC and MFC on the BBP performance in Fig. 7 . We can see that the performance becomes worse if we limit the SC and MFC capabilities of a regenerator. It is interesting to see that the SC capability seems to play a more important role in improving the BBP performance compared to the MFC capability. This is verified by the results that the scheme without SC and MFC shows the highest BBP and the scheme without SC but with MFC follows, while the scheme without MFC but with SC can achieve performance close to that of the full version of RMRS. This observation indicates that it would be more cost-effective to use a regenerator that only supports SC because the MFC capability can only marginally improve the BBP performance.
Impact of Number of Placed Regenerators:
In the previous results, we have fixed the number of regenerators placed in the networks. In this section, we evaluate how the number of regenerators placed would impact the network BBP performance. As shown in Fig. 8 , for the three different schemes with the TW RP strategy, we can see that with an increasing number of regenerators in the network, the BBP performance is improved. However, it is also observed that when the number of regenerators reaches a certain threshold value, e.g., 200 for the two networks, the performance improvement will become marginal. An important implication of this is that a limited number of regenerators may be sufficient to achieve a graceful performance almost as good as an optimal result with a low BBP.
Impact of Number of Candidate Protection Routes:
We also evaluated how the number of considered protection routes can impact the BBP performance for the different schemes. In a general sense, with a larger number of protection routes, a better performance is anticipated to achieve. Fig. 9 confirms our judgment to demonstrate a better performance under a larger number of protection routes. However, similar to the results of the number of regenerators, we also observe a saturation trend, i.e., when the numbers of protection routes reach 2 and 3, respectively, for the NSFNET and COST239 networks, no performance improvement can be made with the further increase of route number. Thus, we only need to consider a limited number of protection routes for a good and fast solution of RMRS. A similar observation can also be made for the impact of SC and MFC capabilities, i.e., the SC capability plays a more important role to improve the BBP performance.
Conclusions
Though there have been extensive studies on regenerator placement and usage in an EON without network protection and in a WDM network with network protection, we see little effort on the same problem for an EON with network protection. This paper focused on the problem of regenerator placement and utilization in an SBPP-based EON. We first considered three regenerator placement strategies. Then based on the regenerators placed according to these strategies, we developed an efficient heuristic algorithm for SBPP service establishment, in which efficient spare capacity and backup regenerator sharing were taken into account. We also took advantages of the capabilities of spectrum conversion and modulation format conversion of each regenerator when establishing the working and protection lightpaths. Simulation studies indicated that among the three RP strategies, the TW strategy can achieve the best performance owing to its regenerator placement based on the transit traffic demand distribution. The proposed RMRS algorithm can achieve much better performance than the other benchmark algorithms due to the full consideration of all the RU combinations when establishing a lightpath. We also see that the spectrum conversion capability of a regenerator is more important for a network to achieve good performance than the modulation format conversion capability, which implies that it is more cost-effective to use regenerators with spectrum conversion capability only. Finally, we see both saturation trends for the number of regenerators placed in the network and the number of candidate protection routes on the BBP performance, which implies that limited numbers of regenerators and candidate protection routes are sufficient for a network to achieve a good performance.
